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[57] ABSTRACT

A chemoresistive gas sensor is provided which has
improved sensitivity. A layer of organic semiconductor
is disposed between two electrodes which, in turn, are
connected to a voltage source. High conductivity mate-
rial is dispersed within the layer of organic semiconduc-
tor 1n the form of very small particles, or islands. The
average interisland spacing is selected so that the pre-
dominant mode of current flow is by way of electron
funneling. Adsorption of gaseous contaminant onto the
layer of organic semiconductor modulates the tunneling
current in a quantitative manner.

‘11 Claims, 2 Drawing Figures
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CHEMORESISTIVE GAS SENSOR

The U.S. Government has rights in this invention
pursuant to Contract No. W-7405-ENG-48 between the
U.S. Department of Energy and the University of Cali-
fornia, for the operation of the Lawrence Livermore
National Laboratory.

BACKGROUND OF THE INVENTION

The invention relates generally to gas sensing appara-
tus, and more particularly to gas sensing apparatus uti-
lizing the adsorbent properties of organic semiconduc-
tors.

There is pressing need for highly selective and sensi-
tive detectors of gaseous constituents in a wide variety
of industrial, medical, and military contexts. There is a
need to detect and monitor contaminant gases in indus-
trial purification processes; anesthetic gases in operating
rooms; chemical warfare agents on the battlefields; and
environmental pollutants in industrial or agricultural

" areas.

Many of the current approaches to contaminant gas
detection lack sensitivity and selectivity. For example,
the selectivity of individual piezoelectric sorption de-
tectors of the type disclosed by King, Jr., U.S. Pat. Nos.
- 3,164,004 or by Frechette et al, 4,111,036, depends en-
tirely on the selectivity of the adsorbent coatings on the
piezoelectric crystals. The selectivity of these adsorbent
materials are notoriously poor, e.g., Hirschfeid, “Pro-
viding Innovative System Monitoring and Reliability
Assessment Through Microengineering”, Energy Tech-
nology and Review, February 1984; and Edwards et al,
-“A Quartz Crystal Piezoelectric Device for Monitoring
Organic Gaseous Pollutants™, Analytica Chimica Acta,
Vol. 117, pgs. 147-157 (1980). Selectivity problems can
be overcome to a large extent by employing a plurality
of sensors each having a different adsorbent coating.
The responses of the multiple sensors are analyzed by
factor analysis or least squares analysis to obtain infor-
mation about the concentrations of contaminants in the
gas being monitored.

Another approach to detecting contaminant gases
utilizes their effects on the conductivities of certain
organic semiconductors. The class of sensors based on
this approach is referred to as chemoresistive gas sen-
sors. A thin layer of organic semiconductor is disposed
on a surface between two electrodes. The layer of or-
ganic semiconductor is exposed to the atmosphere con-
taining the contaminant gases of interest” As the organic
semiconductor adsorbs the contaminant gases, its con-
ductivity changes, and the magnitude of the change is
related to the concentration of contaminant gas. The
following references provide representative disclosures
of such gas detection systems: Colla et al, U.S. Pat. Nos.
4,142,400 and 4,236,307; Kolesar, 4,472,356; Bott et al,
“A Highly Sensitive NO; Sensor Based on Electrical
Conductivity Changes in Phthalocyanine Films”, Sen-
sors and Actuators, Vol. 5, pgs. 43-53 (1984); and Her-
mans, “CO, CO;, CH4, and H>0 Sensing by Polymer
Covered Interdigitating Electrode Structures”, Sensors
and Actuators, Vol. 5, pgs. 181-186 (1984). Like the
piezoelectric-based sensors, the selectivity of chemore-
sistive sensors is limited by the lack of selectivity of the
organic semiconductors for particular gaseous contami-
nants. This class of sensor is also limited by the ex-
tremely low conductivity of the layers of organic semi-
- conductor, which is on the order of 10—10-10—%
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ohms—!. The low conductivity means that the changes
introduced by the adsorbed contaminants will be corre-
spondingly low and difficult to detect; hence, the sensi-
tivity of the system is low.

SUMMARY OF THE INVENTION

An object of the invention is to provide a sensor for
gaseous contaminants with improved selectivity and
sensitivity.

Another object of the invention is to improve the
sensitivity of chemoresistive gas sensors.

Additional objects, advantages and novel features of
the invention will be set forth in part in the description
which follows, and in part will become apparent to
those skilled in the art upon examination of the follow-
ing or may be learned by practice of the invention. The
objects and advantages of the invention may be realized
and attained by means of the instrumentalities and com-
binations particularly pointed out in the appended
claims.

These and other objects are attained in accordance
with the present invention by enhancing the conductiv-
ity of the organic semiconductor layers used in che-
moresistive gas sensors. Chemically inert, high conduc-
tivity materials are embedded in the organic semicon-
ductor layer such that islands of high conductivity ma-
terial are dispersed throughout the layer at a predeter-
mined average interisland spacing. The average interis-
land spacing is selected so that the predominant path of
current flow 1s by way of electron tunneling between
the 1slands of high conductivity material. The magni-
tude of the tunneling current depends on the nature of
the high conductivity material, the nature of the organic
semiconductor, the average distance between the is-
lands of high conductivity material, the average size of
the 1slands, the voltage across the layer of organic semi-
conductor, and the amount of gaseous contaminants
adsorbed onto the organic semiconductor. In accor-
dance with the invention, all of the above factors are
predetermined, except the amount of gaseous contami-
nants adsorbed onto the organic semiconductor.

Preferably, the layer of organic semiconductor to-
gether with the embedded islands of high conductive
material is placed on a nonconductive substrate having,
good thermal conductivity. Good thermal conductivity
allows the temperature of the layer of organic semicon-
ductor to be controlled so that temperature-dependent
changes in conductivity can be eliminated, or mini-
mized.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cutaway view of the layer of organic
semiconductor on a substrate that exposes the islands of
high conductivity material; and

FIG. 2 i1s an illustration of an embodiment of the
invention employing a single layer of organic semicon-
ductor.

DETAILED DESCRIPTION OF THE
INVENTION

The invention is a chemoresistive gas sensor with
increased sensitivity, and method for making same. The
increased sensitivity is attained by modifying a layer of
organic semiconductor so that it contains islands of high
conductivity material. The average interisland spacing
1s selected so that the predominant current path through
the layer is by way of electron tunneling between the
1slands. The presence of the islands in accordance with
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‘the invention increases the conductivity of the chemo-
sensitive layer by two to three orders of magnitude, and
thereby causes corresponding increases in the variances

in current due to gaseous contaminants being adsorbed
onto or expelled from the layer of organic semiconduc-

tor.

FIG. 1 presents a cutaway view of a layer of organic
semiconductor which illustrates how the islands of high
conductivity material are embedded in the layer. In this
embodiment, islands 10 of high conductivity material
are covered by and embedded in organic semiconductor
12 to form chemoresistive layer 14 on substrate 16.

FIG. 2 illustrates an embodiment of the invention
employing a single kind of organic semiconductor. Che-
moresistive layer 14 is disposed between electrodes 20
and 22 on substrate 16. Electrodes 20 and 22 are con-
nected to voltage source 24 by leads 26 and 28. The
current passing through the chemoresistive layer 1s
monitored by meter 30.

A critical parameter of the chemoresistive layer is the
average interisland spacing of high conductivity mate-
rial. Preferably, the average interisland spacing 1s be-
tween about 10-80 Angstroms. Most preferably, the
average interisland spacing is between about 50-60
Angstroms. | |

Several organic semiconductors are suitable for use
with the present invention including phthalocyanine
and its derivatives (disclosed in Moser et al, in Phthalo-
~ cyanine Compounds (Van Nostrand, New York, 1963);
electrically conductive acetylene polymers (disclosed in
U.S. Pat. Nos. 4,510,075 and 4,510,076); polymeric
semiconductors disclosed in U.S. Pat. No. 4,472,356;
and the like. The three cited U.S. patents are incorpo-
rated by reference to their disclosures of organic semi-
conductors. The preferred organic semiconductor is
phthalocyanine and its derivatives, particularly its halo-
genated or sulfonated derivatives. -

The substrate to which the chemoresistive layer is
attached is nonconductive electrically, but preferably it
has good heat conductivity. A preferred substrate mate-
rial is sapphire.

Referring to FIG. 2, the preferred embodiment of the
invention is constructed by depositing a continuous thin
film of high conductivity material on the substrate sur-
face between electrodes 20 and 22. Preferably, the high
conductivity material is gold. The thin film is preferably
between about 100-300 Angstroms thick, and is depos-
ited by standard metal deposition techniques. The sub-
strate material with the continuous thin film coating is
then heated to a temperature high enough for the thin
film to form mobile droplets on the surface of the sub-
strate. At this temperature, the droplets move around
on the surface of the substrate and coalesce when they
come into contact with one another. when the droplets
cool and solidify, they form the islands of high conduc-
tivity material. By maintaining the substrate at the ele-
vated temperature, one can adjust the average interis-
land spacing. The longer the droplets are allowed to
move about and coalesce, the larger the average inieris-
land spacing tnat will result. The shorter the time, the
smaller the average interisland spacing. The precise
temperature required, and the length of time for which
it is maintained in order to achieve a desired average
interisland spacing, requires some testing for the partic-
ular materials used. Preferably, the surface of the sub-
strate on which the chemoresistive layer rests is opti-
cally smooth. That is, it is smooth enough so that drop-
let formation occurs, and there are no sizable grooves,
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cracks, or other irregularities which could cause the
formation of channels of high conductivity material
upon cooling. Such a condition is undesirable because

the channels would provide alternative current path-
ways to electron tunneling.
When the high conductivity material is gold, and it 1s

deposited as a continuous 100-300 Angstrom film on
the surface of the substrate, the preferred temperature
for formation of droplets is between about 150°-200° C.

Preferably, the organic semiconductor is deposited
on the solidified islands by sublimation under a vacuum
in order to avoid impurities in the chemoresistive layer,
e.g., by the method disclosed by Bott et all, Sensors and
Actuators, Vol. 5, pgs. 43-53 (1984), or like method.
Preferably the thickness of the layer of organic semi-
conductor is on the order of the average diameter of the
islands of high conductivity material. Thicker layers
reduce the response time of the sensor; thinner layers
may in.troduce undesirable complications because of
inhomogeneities in the material between islands.

The foregoing description of a preferred embodiment
of the invention has been presented for purposes of
illustration and description. It 1s not intended to be
exhaustive or to limit the invention to the precise form
disclosed, and obviously many modifications and varia-
tions are possible in light of the above teaching. The
embodiment was chosen and described in order to best
explain the principles of the invention and its practical
application to thereby enable others skilled 1n the art to
best utilize the invention in various embodiments and
with various modifications as are suited to the particular
use contemplated. It is intended that the scope of the
invention be defined by the claims appended hereto.

I claim:

1. An apparatus for sensing gaseous contaminants, the
apparatus comprising: |

a layer of organic semiconductor on a surface of an
associated substrate material, the associated sub-
strate material being nonconductive;

a first electrode and a second electrode attached to
the layer of organic semiconductor at spaced loca-
tions on the surface of the associated substirate
material, the first electrode and second electrode
being connected to an associated voltage source;
and

a plurality of islands of high conductivity material
dispersed within the layer of organic semiconduc-
tor, the plurality of islands having an average inter-

- island spacing such that a detectable amount of
current traverses between the first electrode and
the second electrode by electron tunneling be-
tween tne islands of high conductivity material.

2. The apparatus of claim 1 wherein said average

interisland spacing is between about 10-80 Angstroms.

3. The apparatus of claim 2 wherein said high con-
ductivity material is gold.

4. The apparatus of claim 3 wherein said organic
semiconductor is selected from the group consisting of
phthalocyanine, halogenated phthalocyanine, and sulfo-
nated phthalocyanine.

5. The apparatus of claim 4 wherein said organic
semiconductor is phthalocyanine.

6. The apparatus of claim 5 wherein said average
interisland spacing is between about 50-60 Angstroms.

7. The apparatus of claim 6 wherein said associated
substrate material is sapphire.

8. A method of constructing a chemoresistive gas
sensor, the method comprising the steps of:
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depositing a layer of high conductivity material on a
surface of an associated substrate material, the asso-
clated substrate material being nonconductive;

heating the layer of high conductivity material so that
mobile droplets of the high conductivity material
form on the surface of the associated substrate;

cooling the associated substrate material so that the
mobile droplets of high conductivity material so-
hdify to form islands; |

depositing a layer of organic semiconductor over the
islands of high conductivity material on the surface
of the associated substrate material; and

6

attaching electrical electrodes to the layer of organic
semiconductor at spaced locations.

9. The method of claim 8 wherein said layer of high

conductivity material is between about 100-300 Ang-

5 stroms thick.

10. The method of claim 9 wherein said high conduc-

tivity material is gold and said organic semiconductor is
phthalocyanine.

11. The method of claim 10 wherein said step of heat-

10 ing includes raising the temperature of said associated
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